In this paper, a graphene-based hybrid plasmonic waveguide is proposed for highly efficient broadband surface plasmon polariton (SPP) propagation and modulation at midinfrared (mid-IR) spectrum. The hybrid plasmonic waveguide is composed of a monolayer graphene sheet in the center, a polysilicon gating layer, and two inner dielectric buffer layers and two outer parabolic-ridged silicon substrates symmetrically placed on both sides of the graphene. Owing to the unique parabolic-ridged waveguide structure, the light-graphene interaction and subwavelength SPPs confinement of the fundamental SPP mode for the hybrid waveguide can be significantly increased. Under the graphene chemical potential of 1.0 eV, the proposed waveguide can achieve outstanding SPP propagation performance with long propagation length of 12.1-16.7 μm and small normalized mode area of ~10 −4 in the frequency range of 10-20 THz, exhibiting more than one order smaller in the normalized mode area while remaining the propagation length almost the same level with respect to the hybrid plasmonic waveguide without parabolic ridges. By tuning the graphene chemical potential from 0.1 to 1.0 eV, we demonstrate the waveguide has a modulation depth greater than 51% for the frequency ranging from 10 to 20 THz and reaches a maximum of nearly 100% at the frequency higher than 18 THz. Benefitting from the excellent broadband mid-IR propagation and modulation performance, the graphene-based hybrid plasmonic waveguide may open up a new way for various mid-IR waveguides, modulators, interconnects and optoelectronic devices.
Introduction
Mid-infrared radiation, with the wavelength ranging from 3 μm to 30 μm, has attracted increasing attention in recent years, owing to its extensive exciting applications in imaging, sensing, spectroscopy, and communications [1, 2] . Waveguides are one variety of the most fundamental components of the optical integrated circuits and systems to transmit electromagnetic waves. It would be greatly promising to develop new mid-IR waveguides with superior properties of low loss, deep confinement, and flexible tunability. Surface plasmon polaritons (SPPs) are surface electromagnetic (EM) waves that propagate along a metal-air/dielectric interface from visible to near-infrared spectral region [3, 4] . Compared to the dielectric-based waveguides, e.g., slab waveguides [5] , silicon-on-glass waveguides [6] , and photonic crystal fibers [7] , metal-based SPP waveguides are capable of guiding light with subwavelength confinement beyond the diffraction limit, demonstrating great potential in highly integrated optical circuits at the chip level [8] . In recent years, various metal-based SPPs waveguides have been theoretically and experimentally studied, such as metal gap, channeled, and wedged plasmonic waveguides [9] . However, these waveguides usually support the short-or long-range SPPs suffering from a trade-off between mode confinement and propagation length. In order to further improve the SPP propagation length, a diverse set of metal-based hybrid plasmonic waveguides have been investigated [10, 11] . It is found that the SPPs supported by these types of waveguides can achieve long-range propagation of ~10 1 -10 5 μm with the normalized mode area of ~10 −3 -10 0 at the wavelength of 1.55 μm. However, directly extending this waveguiding scheme to the mid-IR region will lead to a significant deterioration in the subwavelength confinement, making it unsuitable for compact integration [12] . In the other hand, based on the concept of spoof SPPs, many subwavelength textured metal surface structures have been proposed to enhance the field confinement at microwave or lower terahertz frequencies [13, 14] . But it still remains a challenge to extend the spoof SPP properties to mid-IR owing to the difficulty in achieving nanoscale dimensions [2] . Furthermore, by employing noble metal and normal dielectric materials without electric or magnetic tunability, all abovementioned plasmonic waveguides suffer from the inherent drawback of not adjustable once the structures are fixed after fabrication.
Graphene, a single layer of carbon atoms, has attracted great interest owing to its unique mechanical, electrical, and optical properties [15, 16] . Because of supporting surface plasmons in the terahertz and infrared ranges, graphene is considered as one of the most promising SPP materials superior to noble metals with much stronger mode confinement, relatively small propagation loss, especially with a significant advantage of being actively tunable via chemical doping or electrostatic doping [17, 18] . The graphene-based plasmonic waveguide expresses deep subwavelength confinement with the wavelength two orders smaller than that in free space [19] [20] [21] . The actively tunable properties, via electrostatic gating without changing the device structures, enable the graphene with a wide potential application in various tunable terahertz and infrared devices. Recently, many graphene-based tunable plasmonic devices including waveguides, modulators, switches, absorbers, and biosensors have been studied [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . For example, Liu et al. first experimentally demonstrated single-and double-layer graphene optical waveguide modulator by integrating the graphene layer(s) on a Si substrate with the attenuation modulation of ~0.1-0.16 dB/μm [25, 26] . Subsequently, many efforts have been devoted to improving the waveguide modulation depth. Although there are some efficient spatial graphene modulators by integrating a composite metamaterial with modulation depth of up to 85% [33] and by incorporating a QCL cavity with modulation depth of up to 100% [34] under normal incidence have been achieved, the attenuation modulation (or modulation depth) of the graphene-based waveguide modulators is still low. Recently, a graphene-based modulator on a groove-structured metasurface has been proposed with an enhanced attenuation modulation of 0.47 dB/μm and a lower mode loss of 0.31 dB/μm [35] . By placing the graphene layers in position with the maximum of the electric field in the waveguide, a modulation depth of 5.75 dB/μm can be achieved [36] . Despite the recent progress, it still remains a significant challenge to develop novel graphene-based plasmonic waveguides for broadband mid-IR propagation and modulation with lower insertion loss and stronger subwavelength confinement, as well as ultra-high modulation depth in the mid-IR regime.
To address this issue, we propose a new graphene-based hybrid plasmonic waveguide for highly efficient broadband mid-IR SPP propagation and modulation. Special waveguide structure by integrating a single-layer graphene sheet between two sets of buffers and parabolic-ridged substrates is designed to increase light-graphene integration and SPP confinement on the graphene layer, and a gating layer is inserted below graphene to actively manipulate waveguide performance. To demonstrate the strong subwavelength confinement of the proposed waveguide, we first simulate and compare the fundamental SPP mode distributions, propagation length, and normalized mode area between the hybrid plasmonic waveguides with and without parabolic ridges. Then, the dependence of propagation properties of the first 5 SPP modes on the key geometric parameters of the parabolic ridges is studied. Under the chemical potential of 1.0 eV, the fundamental SPP mode with longer propagation length and smaller normalized mode is superior to other higher SPP modes in the mid-IR frequency range between 10 THz and 20 THz. Further, we demonstrate broadband mid-IR modulation properties of fundamental SPP mode of the proposed waveguide. By electrically tuning the graphene chemical potential, the waveguide provides an ultra-high SPP attenuation tuning capability over 136.6 dB/μm at 15 THz, which is so far the highest value to the best of our knowledge. In the broadband frequency range of 10-20 THz, the modulation depth greater than 51% is achieved, which approaches nearly 100% at the frequency higher than 18 THz. This study provides a new route to designing graphene-based hybrid plasmonic waveguides for highly efficient broadband mid-IR propagation and modulation and may offer some interesting solutions for mid-IR interconnects and communications.
Design, simulation, and consideration
The schematic configuration of the proposed graphene-based hybrid plasmonic waveguide is displayed in Fig. 1 , which is composed of two identical outer parabolic-ridged substrates and two identical inner buffer layers symmetrically placed on both sides of a monolayer graphene sheet in the center. The substrate layers are assumed to be silicon (Si) with the relative permittivity ε Si = 11.7 and thickness s = 600 nm. The buffer layers are assumed to be Topas [37] [38] [39] with the relative permittivity ε Topas = 2.35 and thickness h = 600 nm. The double silicon parabolic ridges, with their opening width and vertex-to-graphene separation as W = 600 nm and T = 50 nm, extend symmetrically into the Topas layers to enhance the lightgraphene interaction and SPP confinement. By taking into account the feasibility of the gating scheme, a polysilicon film with the relative permittivity ε p = 3 [40] and thickness g = 20 nm is inserted into the lower Topas layer at d = 10 nm beneath the graphene. Gate voltage V g is applied to the graphene-Topas spacer-polysilicon parallel plate capacitor to control the conductivity of graphene via electrostatic doping effect, as illustrated in Fig. 1(a) . Since the polysilicon is very thin and has a moderate relative permittivity, it has little effect on the mode propagation and confinement properties of the hybrid plasmonic waveguide. In addition, it is worth mentioning that the graphene-based hybrid plasmonic waveguide can be produced through state-of-the-art nanoimprint lithography and graphene synthesis and transfer techniques [41] [42] [43] [44] . In this study, we use the commercial software COMSOL Multiphysics based on the finite element method (FEM) to numerically calculate and analyze the properties of the proposed graphene-based hybrid plasmonic waveguides. Since graphene is actually one-atom-thick 2D material with the excited carriers transporting in its 2D plane, only its in-plane conductivity can be tuned by chemical potential via the electrostatic doping. Modeling graphene layer as a 3D effective isotropic permittivity medium with the effective thickness may lead to overestimation of light absorption at the so-called epsilon-near-zero point [45] . Although modeling the graphene as a 3D effective anisotropic permittivity medium with conductivity dependent in-plane permittivity and constant out-of-plane permittivity is more accurate, it still suffers from larger mesh number and lower computational efficiency in simulation. It has been widely demonstrated that graphene can be effectively treated as a 2D surface conductivity σ g (or 2D surface impedance Z g = 1/σ g ) without thickness (t g = 0) in various graphene-based device simulations [23, 40, [45] [46] [47] . Therefore, in this study, we model the graphene as a 2D surface conductivity in the related simulation. In the terahertz and mid-IR regions, the surface conductivity for a single-layer of graphene is calculated by the Kubo formula with the intraband and interband contributions [48, 49] , as follows,
,
where ω is the angular frequency, μ c is the chemical potential or Fermi level, T 0 is the temperature, Γ is the scattering rate with Γ = 2τ −1 , the relaxation time τ = μ e μ c /(ev F 2 ), μ e is the electron mobility, v F is the Femi velocity, e is the electron charge, ξ is energy, ћ is the reduced Plank constant, k B is the Boltzmann constant, and the Fermi-Dirac distribution . In this study, we assume the temperature T 0 = 300 K and the relaxation time of graphene τ = 1.2 ps, which is estimated from the experimentally available graphene carrier mobility [40, [50] [51] [52] . It also has been theoretically and experimentally demonstrated that μ c can be easily tuned from −1.0 to 1.0 eV via the gating structures [49, 53, 54] , such as the one shown in Fig. 1 , leading to flexibly control the conductivity properties of graphene.
To quantify the characteristics of the proposed graphene-based hybrid plasmonic waveguides, we define the effective index N eff , the propagation length L spp , the figure of merit FOM, and the normalized mode area A [10] , as follows, , , 
where the propagation constant k = β + iα, β is the phase constant, and α is the attenuation constant, Re(N eff ) and Im(N eff ) are the real and imaginary parts of N eff , A m is the effective mode area, W(x, y) is the energy density of the waveguide; k 0 , λ 0 , and A 0 = λ 0 2 /4 are the propagation constant, the wavelength, and the diffraction limited mode area in free space, respectively.
Results and discussion
Before discussing the propagation and modulation characteristics, we first analyze the surface conductivity and loss tangent of graphene at mid-IR frequencies. According to the Kubo formulas (1)-(3), the real part Re(σ g ) and imaginary-part Im(σ g ) of surface conductivity σ g , as well as the corresponding loss tangent tan δ = |Re(σ g )/Im(σ g )| of graphene as a function of chemical potential μ c at f = 10, 15 and 20 THz are shown in Fig. 2(a) . It is found that Re(σ g ) is positive with the value quite near zero (~10 −2 mS), Im(σ g ) is negative with bigger absolute value, and tan δ decreases rapidly at first and then increases very slowly as |μ c | increases. Therefore, the graphene layer can be regarded as an effective ultra-thin metal layer capable of supporting SPPs. As the μ c varies from 0 eV to 1.0 eV, tan δ value variation of ~100 times is obtained, implying huge potential capability in achieving good SPP modulation. Likewise, Re(σ g ), Im(σ g ), and tan δ as a function of mid-IR frequency f with μ c = 0.1, 0.6 and 1.0 eV are also present in Fig. 2(b) . It is also observed that Re(σ g ) is positive and Im(σ g ) is negative in the frequency band ranging from 10 THz to 20 THz under different μ c . The tan δ values for both μ c = 0.6 eV and 1.0 eV decrease gradually from 0.013 to 0.007, while the values for μ c = 0.1 eV rapidly increase from 0.025 to 0.085, as f increasing from 10 THz to 20 THz. To demonstrate the strong subwavelength confinement of the proposed waveguide, we plot and compare the fundamental SPP mode distributions of the graphene-based plasmonic waveguides with and without the double parabolic ridges under the same geometric parameters presented in section 2. By taking into account the tunability of graphene at different chemical potential values, we plot the simulated fundamental SPP electric field distributions of the waveguide without parabolic ridges in Figs. 3(a) and 3(c), and of the proposed waveguide with parabolic ridges in Figs. 3(b) and 3(d) with μ c fixed as 1 and 0.1 eV at 15 THz, respectively. Obviously, the electric field distributions of both waveguides are strongly confined particularly near the graphene layer for the waveguide under μ c = 0.1 eV, which are much tighter than that under μ c = 1.0 eV. Owing to the efficient coupling effect of the ridges, the significantly increased light-graphene interaction and super SPP field concentration can be observed inside the nanoscale region between the double ridges with respect to the waveguide without ridges. This is very beneficial for obtaining deep subwavelength confinement for the proposed waveguide. Further, Figs. 3(e) and 3(f) show the propagation length L spp and normalized mode area A for the waveguides with and without ridges as the mid-IR frequency varying from 10 THz to 20 THz with μ c = 0.1 and 1.0 eV. It clearly shows that the normalized mode area of the proposed waveguide can reach ~10 −4 -10 −5 , demonstrating more than one-order smaller compared with that of the hybrid plasmonic waveguide without ridges, while the propagation length of both waveguides almost remains the same level. For μ c = 1.0 eV, the proposed waveguide can also achieve sufficient long propagation length of 12.1-16.7 μm. These properties are greatly significant for the broadband mid-IR centralized transmission and miniaturized integration. Fig. 1 . The Re(N eff ) and FOM of all 5 modes increase as the f increases, implying a stronger field confinement and a higher figure of merit is achieved at higher frequency end. The L spp of first 3 modes will increase to their maximum values and then decrease, while the L spp of first modes 4-5 increases continuously, as the f increases to a higher frequency of 20 THz. Notably, by optimizing the vertex-to-graphene separation T, the Mode 1 can simultaneously achieve larger Re(N eff ), L spp and FOM values during the full band 10-20 THz, demonstrating obvious advantages of stronger field confinement, longer propagation length, and better overall optical performance over the rest of higher modes. Therefore, we only focus on the fundamental mode properties of the proposed waveguides in the following discussion. Next, we study the effects of the key geometric parameters of the parabolic ridges and the dielectric constants of the buffer materials on the Re(N eff ) and L spp for the fundamental mode (Mode 1) of the proposed waveguide. Figures 5(a) and 5(b) depict the Re(N eff ) and L spp as functions of the parabolic vertex-to-graphene distance T and the opening width W of the two parabolic ridges with μ c = 1.0 eV and f = 15 THz, where the parameters are set as W = 600 nm for Fig. 5(a) and T = 50 nm for Fig. 5(b) , respectively. It is interesting that the Re(N eff ) largely decreases (increases), and the L SPP largely increases (decreases) as T (W) increases. The field distributions, shown in the insets of Fig. 5 , clearly demonstrate the tighter SPP confinement can be obtained at smaller T and wider W, which is expected from the larger Re(N eff ). To provide some reference for practical applications, the comparison of Re(N eff ) and L spp of the proposed waveguides with different buffer layer materials of Al 2 O 3 , SiO 2 and Topas are presented in Figs. 5(c) and 5(d), where the parameters are assumed as ε SiO2 = 3.7 and ε Al2O3 = 8 [27] , and μ c = 1 eV. It is clear that the SPP propagation properties also can be flexibly tuned by changing the permittivity of the buffer layer. Because of the lowest permittivity of the Topas, the Re(N eff ) (L spp ) of the proposed waveguide with Topas buffer layer has the lowest (highest) value with respect to the waveguides with Al 2 O 3 and SiO 2 buffer layers. Finally, we further demonstrate the broadband modulation performance of fundamental mode for the proposed waveguide. In this hybrid plasmonic waveguide design, the μ c can be easily controlled by gate voltage V g , as illustrated in Fig. 1(a) 
, is plotted in Fig. 6(a) . It is found that the required value of V g for achieving the µ c of 0.1 and 1.0 eV are about 0.38 and 31.33 V, respectively. By taking the advantage of the graphene tunability, the broadband SPP modulation of the proposed absorber can be achieved. As previously shown in Fig. 3 , we can clearly see that the SPP propagation characteristics including electric field distributions, propagation length, and normalized mode area can be significantly manipulated by setting different graphene chemical potential μ c . To further quantitatively evaluate the modulation performance, we calculate the dependence of Re(N eff ), attenuation constant α (dB/μm), and transmission t on the μ c with the frequency fixed at 10, 15, and 20 THz, as respectively shown in Figs. 6(b), 6(c), and 6(d), where t is defined as 10 -α/10 , denoting the transmission of the proposed waveguide with 1 μm length. It is observed that both Re(N eff ) and α have large values at the beginning with μ c < 0.1 eV, owing to strong mode confinement and large tan δ of the graphene, and both of them continuously decrease with the μ c increasing when f is fixed. For the center frequency at 15 THz, the α can be actively tuned from 136.9 to 0.3 dB/μm, and the t can be increased from ~0 to ~0.93 as the μ c increases from 0 to 1.0 eV, demonstrating a huge SPP attenuation tuning capability over 136.6 dB/μm. Owing to the unique parabolic-ridged substrate design, the light-graphene interaction is significantly increased with the electric fields strongly concentrated in graphene layer inside the nanoscale region between the double ridges. Consequently, the change of graphene conductivity plays a major role in the proposed waveguide propagation performance tuning. To the best of our knowledge, the attenuation modulation property of this design is superior to the recently reported broadband waveguide modulators, which have a typical attenuation modulation ranging from 0.1 dB/μm to 5.75 dB/μm [25, 26, 35, 36] . By taking into account the natural doping of graphene from the substrate [25, 55] , we set the graphene chemical potential μ c = 0.1 eV (V g = 0.38 V) as the "OFF" state point, and μ c = 1.0 eV (V g = 31.32 V) as the "ON" state point of the proposed waveguide. Then, the modulation depth is obtained from transmission via η = (t ON -t OFF )/t ON [33] . To better show the broadband modulation characteristics, the dependence of attenuation α, transmission t, and the modulation depth η on frequency f with the μ c fixed at 0.1 and 1.0 eV, as respectively shown in Figs. 6(e) and 6(f). It is found that α and t nearly remain constant, 0.28-0.36 dB/μm and 94-92% at ON state, while, both of them vary a lot from 3.39 to 50.94 dB/μm and 45-0% at OFF state when the frequency shifts from 10 to 20 THz. The change of α provides the change of η under different states, which significantly increases with increasing f. In this scenario, the proposed waveguide can achieve a broadband SPP modulation with the modulation depth greater than 51% between 10 and 20 THz, and approach a maximum of 100% at f > 18 THz. 
Conclusion
In this study, a graphene-based hybrid plasmonic waveguide with double parabolic-ridged silicon substrates have been demonstrated for highly efficient broadband SPP propagation and modulation at mid-IR spectrum. Owing to the unique waveguide structure, significantly enhanced light-graphene interaction and subwavelength SPPs confinement can be achieved. The dependence of propagation properties of the first 5 SPP modes on the key parameters of the parabolic ridges has been studied. The results show that the fundamental SPP mode is superior to other higher SPP modes with longer propagation length (12.1-16.7 μm) and smaller normalized mode area (~10 −4 ) in the mid-IR frequency between 10 THz and 20 THz under the chemical potential of 1.0 eV. Compared with the hybrid plasmonic waveguide without parabolic ridges, the proposed waveguide enables more than one order smaller in the normalized mode area with almost the same level of propagation length, which is greatly superior over other conventional metal-based plasmonic waveguides. By tuning the graphene chemical potential from 0.1 eV to 1.0 eV, we have demonstrated broadband modulation of mid-IR guided wave with a modulation depth greater than 51% under the full frequency band of 10-20 THz and a maximum of nearly 100% at f > 18 THz. The proposed guiding scheme offers a potential strategy for excellent broadband mid-IR SPP propagation and modulation, which may be flexibly engineered for various high-performance mid-IR and THz devices.
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